An experiment was conducted to concentrate on the rainfall interception process of individual trees for four common species in Beijing, China, which included needle species (Platycladus orientalis and Pinus tabulaeformis) and broadleaf species (Quercus variabilis and Acer truncatum). Two types of interception storages, the maximum (C max ) and the minimum interception storage (C min ), were examined at four simulated rainfall intensities (from 11.7 to 78.5 mm h À1 ). Results showed that an average of 91% of C max for all the species was intercepted during the first 10 minutes of rainfall, while 45% of C max drained off after rainfall cessation. Leaf area index (LAI) and leaf area (LA) were significantly correlated (p < 0.05) with C max and C min , while such significant correlations were not found between rainfall intensity and C max and C min . Average C max and C min across all the species corresponded to 3 and 1% of gross rainfall. Mean C max and C min of the needle species were 3.0 and 1.8 times larger than that for the broadleaf ones. Results revealed that interception was a dynamic process which encompassed three phases. In addition, LAI and LA were valid predictors of interception in small trees, and deserve further test in forest stands.
INTRODUCTION
Rainfall interception refers to the proportion of rainwater that is temporarily intercepted and stored on vegetation surfaces, and subsequently evaporates to the atmosphere or drains to the ground as throughfall (TF) or stemflow (SF) (Muzylo et al. ) . Acting as a rainfall mitigating buffer, interception usually accounts for 10-60% gross precipitation (Llorens & Domingo ; Gerrits et al. ) , and also is widely accepted to affect the subsequent hydrologic processes, such as evaporation, transpiration, infiltration, and surface runoff (Savenije ; Janeau et al. ) .
Interception has usually been studied on three scales: the single branch level (with foliage) (Keim et al. ; Xiao & McPherson ) , the individual tree level (Asadian & Weiler ; Xiao & McPherson ) , and the forest stand level (Dietz et al. ; Safeeq & Fares ) . In most of these studies, interception has been indirectly calculated by the difference between gross rainfall and the sum of TF and SF, indicating that only the intercepted water for evaporation has been estimated as a flux or stock. The mechanism of the interception process which includes wetting, saturation, and post-rainfall drainage has thus far been overlooked. However, a process-based interception is critical to clarify the rainfall-mitigating and time-lagging effect during rainfall, and thereby helps to control peak flow, flood, and erosion (Keim & Skaugset ) . Limited results from previous studies indicated that almost 30% of intercepted rainwater tended to drip off after rainfall (Aston ;
Pitman ; Keim et al. ) . As a result, interception would be better characterized as a dynamic process.
According to previous investigations, interception is governed by both biotic and abiotic factors (Gerrits & Savenije ) . Abiotic factors such as rainfall intensity shapes the way raindrops interact with leaf and branch surfaces: Price & Carlyle-Moses () and Wang et al. () reported that high rainfall intensity reduced interception amount because it caused splashing and shaking of crown. Keim et al. () and Xiao & McPherson () found the opposite: interception increased with rainfall intensity given that the leaves were beyond saturated. In addition, rainfall frequency as well as air temperature, wind speed, and net radiation impacts evaporation and interception (Xiao et al. a Therefore, the objective of this research is to quantify interception on a process basis. First, we aim to depict the wetting-saturation-drainage phases in interception.
Second, we examine the influence of different biotic (LAI, LA, and leaf type) and abiotic factors (rainfall intensity) on interception. 
MATERIALS AND METHODS

Experimental procedure
The experiments were conducted at an average temperature of 25.8 W C in the lab from June to September, 2012. Prior to the rainfall simulation, experimental trees were positioned on an electronic weighing balance (EP-500, E&C Co. Ltd, Shanghai, China; minimum graduation: 0.1 g) and an aluminum cover was set above the balance to exclude the effect of TF and SF on rainfall interception measurements ( Figure 1 ).
The lower edge of the aluminum cover was placed on the ground surface and the gradient of the cover was 10-20 W from horizontal level. This was done to accelerate TF flowing down to the ground through the cover rather than allow it to infiltrate into the cylinder. A plastic reversefunnel was cohered on the tree bole to allow SF to drip down to the cover. As a result, cumulative rainfall interception was recorded as the change in tree weight.
To fully depict the interception process, two different interception storages were measured: the maximum interception storage (C max ) and the minimum interception storage (C min ). C max is the amount of rainwater intercepted and detained by the tree crown immediately before rainfall PO-1 and PO-2 represent two Platycladus orientalis trees, PT-1 and PT-2 represent two Pinus tabulaeformis trees, QV-1 and QV-2 represent two Quercus variabilis trees, and AT-1 and AT-2 represent two Acer truncatum trees.
cessation; C min , taken as the amount of rainwater detained on the crown when drainage ceases after rainfall, can only be removed by evaporation (Li et al. ) .
After the rainfall began, tree weight was recorded every 10 seconds in the first minute, then every 30 seconds in the next 9 minutes and every minute in the remaining 30 minutes. C max was thereby calculated as the amount of intercepted water when simulated rainfall ceased. After the cessation, change in tree weight due to the leaf and branch drip was recorded every 10 seconds for the first minute, 30 seconds for the next minute, and each minute thereafter until a weight change of <0.1 g was obtained. Consequently, C min was calculated as the difference in tree weight before the rainfall simulation and after the drainage process. It should be mentioned that evaporation (E) was not taken into consideration in the simulation process because the amount of wind and sunlight radiation in the lab was considered negligible. To minimize the impact of E on the drainage process, some water was poured on the wall of the lab to keep a relatively stable humidity. All the examined trees were moved outside the lab to naturally dry the crown for 24 hours. Each test run was repeated once daily, resulting in a total of 192 rainfall events.
Statistical analysis
Pearson's correlation method was used to test whether C max and C min were significantly correlated with rainfall intensity, LAI, and LA. Parameters were considered to be significantly correlated when they were at or above the 95% confidence level (p 0.05). Meanwhile, linear, polynomial, and nonlinear regressions were used to analyze the variation trend between C max and C min and those factors. One-way analysis of variance (ANOVA) with the Fisher LSD (least significant difference) test at p 0.05 was used to determine if there were significant differences in C max , C min between the 
RESULTS AND DISCUSSION
Rainfall interception process
The rainfall interception process by an entire tree crown over time is shown in Figure 2 . Generally, the interception process included three phases: the rapid-dampening phase, the stable-saturation phase, and the drainage phase. The rapid-dampening phase usually took place in the very first 10 minutes of the rainfall, when the cumulative interception (I C ) amount accounted for 91% (STD ¼ 8%) of C max , and 175% of C min regardless of species and rainfall intensities,
showing that the crown could temporarily hold water in excess of its storage capacity. As the rainfall continued for an additional 20 minutes, I C was relatively stable because the crown was too wet (even saturated) to retain more rainwater. After rainfall, an average of 45% (STD ¼ 6%) of C max drained off for all the species, ranging from the largest drainage of 63% (STD ¼ 5%) of C max for P. tabulaeformis, to the lowest drainage of 15% (STD ¼ 2%) for A. truncatum. The results are consistent with the drainage percentage of 10 to 70% reported in previous studies (e.g., Aston ; 1989; Calder et al. 1996) . As Xiao et al. (2000a) implied, in theory, there should be no drainage until the interception storage capacity is exceeded during rainfall.
Pitman
However, drips from the crown were observed even at the beginning of rainfall (less than 10 minutes) probably due to the steep leaf angle, leaf hydrophobicity, and downward wind created by intense rainfall, indicating that the rainfall-lagging effect of interception may have already occurred although the crown was not saturated. Given that our experiment was conducted on a small and single tree level, we would expect that the drainage, rainfall-lagging, and peak flow delaying effect will be more considerable in mature forests, and thereby warrants further research.
Mean I C at the first minute was 38% (STD ¼ 18%) of the cumulative precipitation for all the species, but deceased dramatically with time in each single rainfall event thereafter ( Figure 3 ). In the end, C max and C min corresponded to only 3% (STD ¼ 2%) and 1% (STD ¼ 1%) of the total precipitation ( Figure 3 ). This result implied that the interception storage capacity decreased considerably with continuous wetting by rainfall.
Impact of rainfall intensity on rainfall interception
As expected, higher RIs (48.4 and 78.5 mm h À1 ) tended to wet and saturate the crown more rapidly than lower RIs (11.7 and 25.2 mm h À1 ) ( Figure 2 ). However, RI showed no statistically significant correlations with C max and C min (Figures 4 and 5) . Further, the polynomial regression analysis revealed an increase-decrease trend of C max and C min with increasing RI; the largest values of C max and C min were not obtained at the highest RI of 78.5 mm h À1 . This was larger at higher RIs than lower RIs (e.g., Aston ;
Humbert & Najjar ; Keim et al. ). These outcomes also indicated that additional light rainfall experiments should be conducted to determine the threshold RI in the interception process.
Impact of tree characteristics on rainfall interception
The effect of crown structure parameters (particularly LAI and LA) on rainfall interception was examined. LAI showed statistically significant positive correlations (p ¼ 0.000 and 0.000) with both average C max and C min across all species ( Figure 6 ). Both mean C max and C min escalated with increasing LAI (R > 0.9). (Note: the presented mean values included C max and C min of the entire crown, and the remaining crowns after the first and second defolia-tions.)
Previous studies have mainly reported two linear relationships between LAI and C min : coefficients. Both the polynomial model from our study and linear models from previous studies suggest that more rainwater will be intercepted with increasing LAI. However, C min was greater in the linear equation than in the polynomial equation at the same LAI. This is probably because the small and low ranges of LAI in our study (LAI ¼ 0.57-2.61, Tables 1 and 2) interception than we have observed with LA. Along those lines, it is likely that there is a positive relationship between interception rates and crown height (CH). This is because the number of overlapping leaves and branches will increase with increasing CH, which forms a multi-layer interception effect, and time delay. CH is an easily measurable metric that deserves further investigation.
Mean C max and C min per LA (m 2 ) were 0.13-0.38 and 0.09-0.13 mm across species (Table 3) , which was in the range reported by Aston (), who found that C min ranged from 0.03 to 0.18 mm for seven broadleaf and one Leaf type also played a relevant role in determining interception. The needle crown of P. tabulaeformis had the highest mean C max and C min on both a CPA and LA basis due to its dense clusters (Table 3) . This resulted in raindrops that were intercepted multiple times by the overlapped branches and needles and thereby gradually accumulated in the crown. By comparison, Q. variabilis with its broadleaf crown showed the lowest mean C max and C min because its crown was relatively open and rainwater could pass through directly. Additionally, the smooth and hairless leaves likely failed to prevent rainwater from dripping. Generally, average C max and C min for the needle species were 0.71 (STD ¼ 0.18) and 0.28 (STD ¼ 0.10) mm on a CPA basis, which was 2.96 and 1.75 times larger than that for broadleaf species regardless of rainfall intensities. Moreover, ANOVA analysis suggested that there were significant differences (p ¼ 0.000 and 0.000) in C max and C min between the two types. These results were in line with Barbier et al. () , who in reviewing 28 articles found that needle species intercepted more rainwater than broadleaf species. Therefore, the proportion of broadleaf and needle trees (i.e., LAI ratio) in mixed forests should be taken into consideration to precisely estimate interception.
CONCLUSIONS
The present study highlighted the interception process to address some critical challenges that have seldom been All the values are shown with STD. investigated. The first challenge was how to depict the rainfall interception process. Generally, the complete interception consisted of three phases, the rapid-dampening phase (0-10 minutes, 90% of C max was reached), the stablesaturated phase (10-40 minutes, no evident I C fluctuation), and the draining phase (40-70 minutes, 45% of C max dripped). Almost 90% of the C max amount was intercepted in the rapid-dampening phase. In the subsequent stable-saturated phase, the interception storage showed no evident fluctuation as the crown was gradually wetted and saturated.
Approximately 45% of C max drained off in the draining phase due to gravity. The second challenge was to evaluate the effect of rainfall characteristics and tree traits on interception. The major findings showed that LAI and LA were relevant indicators for predicting interception as they were found not only to be significantly correlated with C max and C min , but were adequately explained using polynomial and linear relationships. By comparison, rainfall intensity was not significantly correlated with C max and C min , but the covariation trends implied that there should be a threshold rainfall intensity to influence interception. Last, needle crowns with dense branch and needle foliage distribution intercepted more rainfall water than the relatively open broadleaf crowns. Further studies are warranted to accurately quantify interception on a process basis, and establish related models with more easily measurable parameters such as CH, branch number, length, density, and inclination.
